Nonbonding interactions of small alkane molecules were studied with ab initio methods. Previously reported energy data for ethane and propane dimers were supplemented with 1747 new configurations of dimers involving slightly larger hydrocarbons. The completed work provides interaction energy surfaces for all combinations of dimer pairs involving ethane, propane, isobutane, and neopentane and thus contains information of all chemical groups found in acyclic alkanes. The strongest attraction of the studied molecule pairs was encountered in isobutane C 2h dimer, where an energy minimum of Ϫ1.784 kcal mol Ϫ1 at 4.28 Å separation of centermost carbon atoms was observed. The composite data set was fitted with a modified Morse pair potential energy function representing each interatomic C-C, C-H, and H-H interaction for easy transfer to molecular dynamics simulation programs. The new generic parameter set was shown to describe the ab initio data for these small alkane molecules with good accuracy. Qualitative comparisons with previously reported potential models were also made, and the relative capability of the models to reproduce quantum-chemical potential energy surfaces was investigated.
I. INTRODUCTION
Accurate description of dispersion interactions is challenging because their effects are often masked by stronger Coulombic forces. Noble gases and saturated hydrocarbons are good examples of molecules in which there are no strong polar interactions permitting direct determination of the weaker van der Waals forces. Electron correlation between these molecules produces a temporary fluctuation of charge distribution, which is primarily responsible for the attraction of hydrocarbon molecules. This spatial distribution of electrons changes as other atoms come in close proximity, and it depends on the number and type of interacting atoms. The dispersion energy is therefore dependent on the relative orientation of the interacting molecules, as illustrated in our earlier work 1 on propane dimers. This orientational dependence is missed if the molecular potential surface is probed with a single atom, e.g., with a noble gas atom. While a probe-atom approach reduces the spatial dimensionality of the problem, there is no guarantee that the resulting description of the interactions represents those between two hydrocarbon molecules. We choose instead to use pairs of the test molecules in order to avoid assumptions about the nature of the probe-molecule interaction and its relationship to the true dimer interaction.
Intermolecular phenomena can be studied experimentally, for example, by studying crystal structures 2,3 or using spectroscopic methods ͑see, e.g., Ref. 4 , and references therein͒. A popular computational approach to this problem has been to use Monte Carlo [5] [6] [7] [8] [9] [10] or molecular dynamics simulations 11 to compute macroscopic properties based on pair potential models. In both of these methods, the pair potential parameters are adjusted to reproduce experimental measurements of thermophysical properties or vapor-liquid coexistence data. However, these methods produce averaged or indirect information of effective multibody potentials that can be density dependent. Building an accurate model describing the multidimensional energy surfaces is difficult if based solely on this data. Ab initio methods offer a detailed, rigidly controlled approach to study these effects. Using quantum chemistry, one can study the potential energy surfaces of varying sizes at an arbitrary orientation yielding a more comprehensive picture of phenomena arising from intermolecular interactions. In contrast to simulation methods, the quantum-chemistry approach yields a true pair potential consisting only of interactions between two molecules. This provides a clear opportunity to eventually add multibody interactions in a systematic way and eliminate effective potentials that are state dependent.
In the last few years, ab initio studies of weak, nonbonding intermolecular potentials of various hydrocarbon molecules have been published. The rapid increase in computer power has facilitated the study of various hydrocarbon systems ranging from small alkanes 1,12-27 and acyclic -electron systems 19-21,28 -32 to aromatic rings up to anthracene, 28, [32] [33] [34] [35] [36] [37] [38] [39] but most studies of larger molecules are still restricted to highly symmetric orientations in which the use of symmetry decreases the computational cost significantly. In this article we present potential energy surfaces of isobutane and neopentane dimers and their combinations with each other as well as ethane and propane. We extend the work done previously with ethane 25 and propane 1 dimers to cover ten different molecule pairs. Our aim is to create a general potential model, which is suitable for description of nonbonding interactions of alkanes. We report 1747 new configurations and regress a simple pair potential model that is able to reproduce our ab initio results with good accuracy.
II. COMPUTATIONAL DETAILS

A. Selected data set
Our work concentrated on interactions between small saturated hydrocarbons. In particular, we have computed energies for all the pair combinations of neopentane, isobutane, propane, and ethane ͑NIPE͒ molecules as a function of position and relative orientation. We do this with the intent of representing the resultant spatially complex potential energy surface as a sum of simple, spherically symmetric, interatomic potential functions. Each atomic potential center is assumed to be located at the center of the atom and to be unique for each bond environment. Thus, in a -CH x group ͑x ranging from 0 to 3͒ there can be three types of H centers and four types of C centers based on the bond environment. If one excludes induction effects from neighboring atoms, the ten NIPE dimer combinations represent the smallest collection of hydrocarbons that contain complete information about all of the interatomic interactions found in alkanes. A more detailed description of the types of different interactions is described in Fig. 1 
B. Method and basis set
The selection of computational method is crucial for obtaining the most reliable description of intermolecular interactions of alkanes. 40 Various authors have reported information on the performance of different computational methods and basis sets. Description of dispersion interactions with Hartree-Fock and density functional methods has been shown to be insufficient, 15, 19, 20, 41, 42 and a more rigorous approach is necessary. Capturing the dispersion interactions of hydrocarbons requires the inclusion of electron correlation, the genesis of dispersion attractions. The present work was done with the 6-311ϩG(2d f ,2pd) basis set and second order Møller-Plesset perturbation theory ͑MP2͒ using both GAUSSIAN 94 43 and GAUSSIAN 98. 44 At the MP2 level, most of the correlation effects are accounted for and introduction of computationally heavier methods ͑MP4͑SDTQ͒, CCSD͑T͒, CISD͒ do not significantly affect the intermolecular attraction of alkanes. 19, 20, 23, 26, 41 While MP2 produces a good description of alkane intermolecular behavior it reportedly overestimates the attraction of some aromatic systems. 28, 38, 45, 46 However, use of electron correlation introduces a strong dependency between the resultant interaction energy and the basis set size. Several papers address the effect of basis set size on interaction energy used in conjunction with various electron correlation methods. [19] [20] [21] 23, 26, 41 Counterpoise correction 47 was applied to all computed dimer interaction energies to account for basis set superposition error.
C. Molecular geometries
Molecular geometries were obtained by running MP2/6-311ϩG(2d f ,2pd) optimization of all hydrocarbon monomers studied. These fixed geometries, electron correlation method, and basis set were used throughout this work for all dimer calculations. Structural properties of isobutane and neopentane are given in Tables I and II The first letter of any route name designates the molecule and subsequent letters identify the orientation in terms of these geometrical constructs. In some cases, there is ambiguity between two different planes or edges consisting of the same type of hydrogen atoms. These are differentiated by introducing a letter s for the small plane ͑or short in the case of an edge͒ or 1 for the large plane ͑or long in the case of an edge͒ ͑see Figs. 1-4͒. A complete scan of the potential energy surface would also include intermolecular rotation of one monomer relative to the other along the approach axis of the two molecules. Rotation of monomer about the approach axis has a large effect on dimer interaction energy for some of the routes studied, but little effect on others. Rotation is included on route names with a number, signaling the intermolecular dihedral angle. As an example of the naming system used in this work we consider the route Iabbs-Iabbs 180. This name corresponds to two small isobutane abb-faces interacting, rotated 180°about the intermolecular axis. Intermolecular approach axes intercept vertices along the C-H bond, edges at the center points of the edge, and faces at the midpoint of the vertices forming the face. Faces and edges are held perpendicular to each other. Intermolecular distances in orientations for propane, isobutane, and neopentane are always measured as a separation of centermost carbons. In the case of ethane, distances are measured relative to the center point of the carbon-carbon bond.
III. RESULTS AND DISCUSSION
Previously reported data for ethane and propane dimer potential energy surfaces were used in conjunction with the results reported here for configurations of larger alkanes. Propane and ethane dimer data reported in Refs. 1 and 25 were used in conjunction with energy data of other combinations of the NIPE set. To simplify the presentation of a large amount of numerical data describing the calculated potential energy surfaces, each dimer route was fitted to the modified Morse potential,
independently of each other. This procedure gives an accurate description of the interaction energy curve as a function of intermolecular distance. The complete numerical data set consisting of all calculated dimer energies at various intermolecular distances is available from the authors upon request. Parameters of this fitting are given in Table III . Epsilon in the second column of Table III indicates the depth of the attractive potential well. A large epsilon indicates a large attractive interaction. Parameter A ͑third column͒ characterizes the steepness of the potential energy curve where a large value denotes a steep curve. Parameter r* ͑fourth column͒ identifies the separation distance at the energy minimum of two molecules at that specific orientation. The fifth column shows the quality of the least-squares fit ͑kcal mol Ϫ1 ͒ 2 of the MP2 data points.
Metzger et al. 14 used AM1 and PM3 semiempirical methods to study neopentane and methane dimer interaction energies and compared these to MP2/6-311G(2d,2p) ab initio results. Some of the semiempirical methods were found to yield unrealistic behavior as part of the energy curves turned over to less repulsive energies at shorter intermolecu- 
kcal mol Ϫ1 for a neopentane dimer corresponding to our Naaal-Naaal 60 route. Our calculations show a slightly stronger interaction, Ϫ1.441 kcal mol
Ϫ1
, due to the larger basis set used in our study. The equilibrium distance of ϳ5.35 Å does agree with our results for this dimer.
The most favorable orientations of each molecule pair studied in this work are illustrated in Figs. 5͑a͒-5͑h͒ , and the interaction energies of these configurations are given in Table IV . The strongest attractions are found for routes, where molecules avoid head-on approaches of atoms. The least attraction occurs for routes, where the closest hydrogen atoms are directly facing each other, as in vertex-vertex routes. The strongest attraction of all the data was found for the C 2h symmetric Iabbl-Iabbl 180 route, 1.784 kcal mol Ϫ1 . According to our calculations, this minimum is reached at intermolecular separation of 4.28 Å. The most attractive orientations for ethane, propane, isobutane, and neopentane paired with neopentane reveal an interesting trend. The deepest minima are Ϫ1.226 kcal mol Ϫ1 ͑Naal-Eaal͒, Ϫ1.260 kcal mol Ϫ1 ͑Naaaa-Pbcc͒, Ϫ1.446 kcal mol Ϫ1 ͑Naaal-Ia͒, and Ϫ1.456 kcal mol Ϫ1 ͑Naal-Naal 90͒, respectively. The attraction increases with molecular size, but the increment from isobutane-neopentane to the neopentane dimer is not large, only ϳ0.01 kcal mol Ϫ1 . The globular shaped neopentane with its protruding methyl groups prevents the closer, more energetically favorable interactions of more open molecules. Although all the neopentane dimer routes studied show attractive potential wells, isobutane interactions with neopentane are more favorable.
A. Fitting the potential energy surfaces with interatomic pair potentials
A major objective of this and our previous calculations of dimer energy surfaces is the representation of alkane intermolecular potentials as a sum of atomic pair potentials. The hope is that these interatomic pair potentials are transferable and can then be used to adequately describe the intermolecular interactions in molecular dynamics simulations. Several different types of potential energy functions have been investigated previously ranging from a simple LennardJones 12-6 model to more complicated functions. These previous studies have shown that a Morse-type function can be used to accurately describe the interactions at the repulsive region as well as the bottom of the potential well.
12,25,48,49 A Morse-type function has good flexibility as the slope of the repulsion can be adjusted, instead of having a fixed repulsive exponent as in the case of the Lennard-Jones-type function.
To obtain a generic parameter set for alkanes, a sum of pair potentials each in the form of Eq. ͑1͒ were fitted to our ab initio data with an unweighted least-squares method. A simulated annealing algorithm by Goffe et al. was used for this purpose. Details of the algorithm can be found elsewhere.
1, 50 Five different fitting runs were conducted, and each of these was independent of the others using random starting points and different initial search directions. The generic parameter set obtained for small alkanes is given in Table V , along with previously reported ethane 25 and propane 1 parameter sets. Repulsive interaction energies larger than ϳ3 kcal mol Ϫ1 were not included in the regression to avoid fitting the repulsive side of the potential at the expense of the attractive well. Although simulated annealing is a stochastic global optimization method and covers only a part of the total parameter space, all five runs converged to the same solution. Only slight variations, ϳ1ϫ10
Ϫ5
kcal mol Ϫ1 in ⑀ CC and ϳ2ϫ10 Ϫ5 Å Ϫ1 in A CC , were observed between the different fitting runs. These variations of parameters produced a sum of squared residuals ͑SSR͒ of ϳ3ϫ10 Ϫ8 (kcal mol Ϫ1 ) 2 for the overall fit. We also found that a slight change in the carbon-carbon interaction parameters had a relatively small change in overall quality of the fit, because of the small number of interactions between carbon atoms in the dimers compared to the number of other type interactions. For example, the neopentane dimer has 25 carbon-carbon, 144 hydrogen-hydrogen, and 120 carbonhydrogen interactions. The parameter ⑀ was constrained to be greater than zero to ensure that potentials would not turn over at short distances.
The overall accuracy of the generic parameter set is excellent, yielding a total error of 50.354 ͑kcal mol Ϫ1 ͒ 2 and an average of 0.015 ͑kcal mol Ϫ1 ͒ 2 per data point. This result for the ten different pairs of molecules studied is remarkable since all of the potential energy surfaces have been reduced to three interatomic pair potentials: C-C, C-H, and H-H. ͑A more detailed description of the error sum on any particular main route studied is presented in Table I Table VI shows the fitting error for each pair and illustrates how the error is distributed between different combinations of molecules. A slight increase in the error is observed for larger systems. This seems consistent, since even the smallest errors in the regressed parameters are bound to accumulate with increasing numbers of interactions. Furthermore, it can be seen from Table VI that the error for the repulsive data points constitute almost twothirds of the overall SSR, even though the majority of the data points are attractive.
In general, the previously reported ethane dimer data 25 is reproduced better with the generic set than with parameters regressed from the propane data. An error of 8.19 ͑kcal mol Ϫ1 ͒ 2 was obtained when the propane-specific parameters were used to predict the ethane data, but the error was reduced to 4.5 ͑kcal mol Ϫ1 ͒ 2 when the generic parameter set was used. These results correspond to 0.021 and 0.011 ͑kcal mol Ϫ1 ͒ 2 error per data point, respectively. Only three routes out of 240 give a SSR per data point over 0.1 ͑kcal mol Ϫ1 ͒ 2 . The largest error per data point is encountered in the propane dimer route Pccs-Pcccc ͑0.165 kcal mol Ϫ1 ͒ 2 . In this case, the predicted potential well is deeper and the repulsion starts at slightly closer distances than the corresponding ab initio results. A similar behavior is observed also for routes Pcccc-Pcccc and Naaaa-Naaaa 0, i.e., the predicted attraction is stronger and the repulsion gentler than the ab initio data. It seems that the largest errors are concentrated on routes, where non-CH 3 groups interact closely. The worst, average, and best-fitted cases of all the calculated alkane routes are depicted in Fig. 6 . As can be seen from Fig.  6 , the overall accuracy of the fit is good. The generic parameter set was also used to predict ethane dimer repulsive energies up to several hundred kilocalories. In over half of the repulsive ethane dimer routes it correctly described the dimer behavior, even though energies this high were intentionally excluded from the fitting process. 
B. Comparison to previous parameter sets
Parameter sets based only on ethane or propane dimer data were published recently by us.
1, 25 In both of these cases it was found that pair potentials described by the modified Morse function were able to produce energy curves that were in good agreement with ab initio data. The data used to regress the generic parameter set presented in this work included data from our previous work on ethane and propane reported in Refs. 25 and 1. A graphical representation of the different parameter set results is given in Figs. 7͑a͒-7͑c͒ . Locations of potential energy minima on the x axis do not differ much between the Morse sets. Larger differences are observable for the A and ⑀ parameters, which describe the repulsive slope and potential well depth, respectively. The generic carbon-carbon interaction is very similar to that obtained from ethane. The C-C potential obtained from propane data is the most attractive of the three Morse potentials. The slope of the H-H repulsion is also very similar for all three Morse parameter sets and the size parameter varies only slightly in the order Er HH ϾPr HH ϾGr HH . The generic set H-H coincides with the optimized potentials for liquid simulations 8 ͑OPLS͒ H-H at ϳ2 Å separation, but the potential is less attractive at larger distances and less repulsive at shorter distances resulting in ''softer'' hydrogens. In general, the modified Morse model does not produce as steep a repulsion as does the Lennard-Jones 12-6 potential function.
Cross interactions between carbon and hydrogen atoms are the major source of attraction between alkanes according to all three Morse sets. The ethane parameter set shows the strongest C-H attraction, but the propane and generic parameters both show considerable attraction. The most striking difference between the models compared here is the difference between the Morse models and the OPLS set which uses a geometric average of the energy parameter and an arithmetic average of the size parameter of the C-C and H-H interactions to obtain the C-H parameters in the Lennard-Jones 12-6 potential. As can be seen in Figs. 7͑a͒-7͑c͒, the generic modified Morse CH is closer to the OPLS C-H potential than the ethane or propane dimer set, but it is still much more attractive at shorter equilibrium distances than the OPLS model potential. Introduction of the CH 2 group into the regression through the propane dimer slightly decreases the depth of the attractive well. This might be due to the increased appearance of non-CH 3 features in the ab initio data and suggests that even better agreement between the sum of atomic pair interactions and the molecular dimer potential energy surface might be achieved if cross C-H interactions between different CH x groups were to be treated differently, i.e, if the methyl-methylene C-H interaction was considered to be different than the methyl-methyl C-H interaction.
C. Comparison to some other potential models
Some qualitative comparisons of potential energy surfaces produced by the OPLS and ab initio calculations were made to give a general idea of the performance of modified Morse model. Energies of all alkane data points were calculated with the OPLS parameter sets. Both united atom ͑UA͒ 5 was calibrated to reproduce heats of vaporization and density data for 15 different hydrocarbon liquids consisting of normal and branched alkanes as well as some aromatic and unsaturated molecules. A more detailed OPLS AA model by Kaminski et al. 8 was regressed from Monte Carlo simulation data of methane, ethane, propane, and butane. Simulated properties included heat of vaporization, molecular volume, heat capacity, the coefficient of thermal expansion, isothermal compressibility, and the C-C radial distribution function yielding a good overall estimate of nonbonding properties. Both OPLS models use combining rules to describe the cross interaction between unlike atoms or sites. Both of these parameter sets represent effective pair potentials owing to the use of liquidphase simulations in regression of these sets.
Despite the different approach in potential model construction, potential well depths are reasonably well predicted with the AA model. In many cases, the UA model characterizes the attractive well as too broad and misplaced, although the rough strength of attraction is approximately correct. However, the repulsive side of the potential energy curves is problematic for both models, especially for the UA model. The OPLS-UA model seems to have problems with branched molecules, like isobutane and neopentane, despite the fact that these molecules were part of the original training set used by Jorgensen et al. 5 In these cases, some of the routes are correctly described, while the bottom of the potential well is too broad. This occurs especially on the routes where two hydrogen atoms are brought close together ͑e.g., Na-Na, Pa-Pa, or Ia-Ia͒. This is understandable, because by definition the UA model does not consider hydrogen atoms separately from the CH x group.
The AA model is definitely an improvement, but the OPLS AA model exhibits too strong a repulsion on some of the neopentane dimer routes, while the attractive potentials are approximately correct, as can be seen in Figs. 8͑a͒-8͑d͒. Excessive repulsion was observed also with other molecule pairs. Our ab initio results are fairly close to the energy curves produced by the AA model. In general, potential well depths predicted by the AA model are in good agreement with the MP2 energies, but it is surprising to see that in some extreme cases well depths are 80% larger than the ab initio results. This is a considerably larger difference than the gap between the MP2 limit and our calculated values. 26 Neverthe- less, the relatively good agreement of our pair potentials with empirically regressed potential models from simulations suggests that our generic pair potential models should provide good representation of the macroscopic properties when used in simulations.
IV. CONCLUSIONS
We have shown that ab initio potential energy surfaces of various small alkanes can be fitted accurately with a sum of interatomic pair potentials using a modified Morse function for each of the three constituent types of interatomic interactions. While the H-H interactions are nearly independent of the dimer data used in the regression, the C-C and C-H interactions changed somewhat when data from different dimers were used in the regression. The potential energy surface for any molecule pair can be fitted more accurately independently, but simultaneous regression of parameters for the complete set of compounds studied here provides better transferability to other alkane systems. The most striking difference of the regressed modified-Morse potential models from the empirical OPLS-AA model is for the C-H cross interaction. This is because the modified-Morse potential model presented here does not use an ad hoc relationship between like and cross parameters.
Our data set is, in its present state, heavily dominated by methyl group data and this is bound to influence the regressed parameter set. Adding more data for alkanes having non-CH 3 groups in fact does slightly alter the strength of the C-H cross interaction in particular. Comparisons of potential energy surfaces generated by the OPLS AA model with those from the ab initio calculations reveal that OPLS AA potential energy surfaces are, for the most part, consistent with ab initio results. Performance of our potential model in condensed phase and fine-tuning of the potential model for larger molecules are left for future work. Nevertheless, the ability of the generic parameter set to describe all of the potential energy surfaces for the ten molecular pairs of small alkanes discussed here is very encouraging.
